Abstract-When a breakdown of the thermally insulating vacuum occurs in an energized high power coil system (e.g. a leakage of the He-cooling system or to the surrounding air) the coils warm up and have to be discharged fast to avoid destruction. Due to the coil inductance and the necessary discharge time, a high voltage is produced in the coil and the feeder system. Therefore an unspecified pressure coincides with the occurrence of a high voltage at the coil and feeder system.
I. INTRODUCTION

H
IGH voltages are generated in coils during a fast current change, for example at a fast discharge of a superconducting coil. The electrical insulation of the coil has to withstand this voltage. At normal conditions the coil is surrounded by vacuum for thermal insulation. This vacuum can be also a good electrical insulation (depending on setup and voltage excitation). In case of a vacuum breakdown, the coil has to be fast discharged to avoid a quench. In this moment a high voltage occurs at the coil together with an undefined gas pressure. This can lead to an electrical breakdown.
For good vacuum and very low pressures the dielectric strength of an arrangement depends on the electrodes (geometry, roughness, material, etc.). For higher gas pressures the dielectric strength of a gas depends on the product of the gas pressure times the distance between the electrodes . This dependence is known as the Paschen's Law. Fig. 1 shows a Paschen curve for air [1] , [2] .
The Paschen curve shows the breakdown voltage as a function of for a constant temperature. For very low values of (range I) the dielectric strength is constant and depends mainly on the surface conditions of the electrodes. At high values of (range III) the breakdown voltage is relatively high and increases approximately linear with . In between (range II) the breakdown voltage has a distinct minimum with values down to 350 V at 0.73 for air and 155 V at 5.3 for He under worst case conditions [3] . This minimum is called Paschen minimum.
A complete encapsulation of all high voltage active parts by solid insulation ensures a reliable high voltage operation independently of the surrounding vacuum conditions. A device manufactured according to such a principle is called Paschen tight.
II. PASCHEN-PROBLEM AT ITER-TOROIDAL FIELD MODEL COIL (TFMC)
For the test of the ITER-TFMC coil a high voltage test was performed during the pump-down of the cryostat. The coil has a solid electrical insulation that was tested at ambient pressure and under good vacuum. However at 7.5 kV a breakdown occurred.
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In order to find the failure, cameras were installed within the cryostat. A flash was observed at two positions, but they could not be investigated in more detail as long as the coil was in the cryostat. After the coil was removed from the cryostat, it turned out, that one flash was a reflection. At the other position a plastic tape (Tedlar) was found in the insulation that had not been remove during the manufacturing [4] .
The coil was not Paschen tested before installation therefore the failure was not detected and could not be fixed.
III. PASCHEN TESTING OF A W7-X CURRENT LEAD
The Karlsruhe Institute of Technology (KIT) is responsible for the design, construction and testing of current leads for the Stellerator Wendelstein 7-X [5] .
The current leads have a solid insulation of glass fiber reinforced plastic (GRP), covered with a grounded conductive paint. The measuring cables have a polyimide isolation with surrounding ground screen.
A 13 kV DC HV-test at ambient pressure and under good vacuum showed no failure. But for pressures between 100 Pa and a breakdown occurs on the experimental setup for voltages lower than 5 kV (Fig. 2) There have been several attempts to find the insulation failure: -Cameras were installed within the cryostat, but only secondary effects have been observed. The main arc was inside the conductive paint. -To find the failure at ambient pressure, neon was used as a surrounding gas, because it has a lower breakdown voltage than air. -Separate vacuum test chambers have been used to generate a local Paschen-minimum for parts of the current leads, in order to localize the failure position. -The grounded conductive paint was segmented in electrical insulated parts. One of these usually grounded parts was connected to high voltage, too which gives no flashover even if there is a insulation defect in this part. By this method the segmented parts were tested sequentially to identify the defective part. For the experimental setup the isolation failure was found with the last method. A casted measuring cable joint was not Paschen tight. (Fig. 3) .
After identifying the failure the connection was fixed and the test could start.
IV. TESTS WITH INTENDED PASCHEN-FAILURES
A. Paschen-Failure I
A copper wire (diameter 3.6 mm) was insulated by two layers of self-sealing heat shrinking tube (each 0.7 mm thick). A thin PVC tube (inner diameter 1.5 mm) was placed between the layers, that simulated a crack or gap in the insulation (like the not well glued connection of two glass reinforced plastic-pieces).
For the first and second test series the tube was 7.5 cm and 10 cm long, respectively. One end of the tube was located at the copper wire, the other end outside of the isolation. (Figs. 4 and  5 ).
This experimental setup was installed in a grounded vacuum vessel and the copper wire was connected to high voltage line. After the pressure was reduced to approx. 1 Pa, the pressure was raised in steps and at different pressure ratings the DC breakdown voltage from copper wire to ground was measured.
At pressures below 100 Pa and above 3000 Pa the setup is able to withstand at least 10 kV. For pressures between 100 Pa and 3000 Pa, sometimes breakthroughs occurred at voltages down to 3 kV (Figs. 6 and 7) .
As expected no distinct Paschen minimum can be observed it these high voltage tests. The arc starts at the inner end of the PVC-tube and flashes over from the outer end to a spot at the wall of the vacuum vessel. This spot moves and changes the length of the discharge, depending on the pressure of the gas. So the product of gas pressure times distance is constant for a wide range of pressures and the breakthrough voltage stays constantly low.
Anyhow the Paschen minimum is far away from the ideal value, due to the not ideal electrodes, inhomogeneous electrical field and the possibility of a surface discharge.
For an additional test the outer insulating heat shrinking tube was completely wrapped in aluminum tape to simulate a grounded coating. The end of the PVC-Tube was covered, too and the aluminum tape was grounded. (Figs. 8 and 9 ).
Again the Paschen minimum is far away from the ideal value.
B. Paschen-Failure (II)
The end of a copper wire with a diameter of 3.6 mm was cast in a disk made of resin. The wire itself was insulated by a thin coat of cast resin and two additional layers of self-sealing heat shrinking tube ending at the disk. An intended failure was produced in the wire insulation at the transition to the disk by bending. This experimental setup was built into a grounded vacuum vessel and the copper wire was connected to high voltage (see Fig. 10 ).
At a pressure lower than 2 Pa or higher than the isolation of the wire is able to withstand at least 30 kV. For a pressure between 40 Pa und 200 Pa a breakdown occurs at a test voltage of about 2 kV (Fig. 11) .
Like during the first test without outer grounded shield, the path of the electric arc is changed substantially, if pressure changes. The product of remains constant for a wide range and the breakthrough voltage remains constantly low. The electric arc does not use every time the shortest path. For example at 60 Pa (Fig. 12) the discharge flashes over to the side wall of the vacuum vessel (long way) and at (Fig. 13) the discharge flashes over to the bottom (short way). 
V. CONCLUSION
Complete encapsulation of all live parts with solid electrical insulation is needed to avoid electrical breakdowns in case of a loss of vacuum.
Successful high voltage tests at ambient pressure and under good vacuum do not proof sufficient dielectric strength of a solid insulation. A gap or crack in the insulation can be insulated by air at ambient pressure or by vacuum. However, for the pressure ranges in between a breakdown can occur at relatively low voltages around 1 kV.
A single high voltage test at a pressure calculated from the theoretical Paschen-minimum is not reasonable, because of the undefined path of the electric arc. So systematic Paschen tests over a wide range of pressure are essential to find hidden isolation problems.
